The hydrolysis of the alkenyl bonds of plasmenylcholine and plasmenylethanolamine by plasmalogenase, followed by hydrolysis of the resultant lysophospholipid by lysophospholipase, has been postulated as the major pathway for the catabolism of these plasmalogens. However, the postulation was based solely on the presence of plasmalogenase activity towards plasmenylethanolamine and plasmenylcholine in the brain. In this study we have demonstrated the absence of plasmalogenase activity for plasmenylcholine in the guinea pig heart under a wide range of experimental conditions. Plasmenylcholine was hydrolysed by phospolipase A2 activities in cardiac microsomal, mitochondrial and cytosolic fractions. Phospholipase A2 activities in these fractions had an alkaline pH optimum and were enhanced by Ca2+. The enzymes also displayed high specificity for plasmenylcholine with linoleoyl or oleoyl at the C-2 position. Lysoplasmalogenase activity for lysoplasmenycholine was also detected and characterized in the microsomal and mitochondrial fractions. Since the cardiac plasmalogenase is only active towards plasmenylethanolamine but not plasmenylcholine, the catabolism of these two plasmalogens must be different from each other. We postulate that the major pathway for the catabolism ofplasmenycholine involves the hydrolysis of the C-2 fatty acid by phospholipase A2, and hydrolysis of the vinyl ether group of the resultant lysoplasmenylcholine by lysoplasmalogenase.
INTRODUCTION
Phospholipids with an 0-alkenyl group at the C-l (sn-l) position (plasmalogens) are widely distributed in mammalian organs, usually as choline and ethanolamine lipids [1] . In spite of their ubiquitous distribution, not much is known about their physiological function [2, 3] , although various hypothesis have been proposed. In addition to serving as structural components of cellular membranes, they may be involved in ion transport [2] , function as membrane stabilizers [3] , or serve as reservoirs for prostaglandin and thromboxane precursors [4] .
Although plasmenylethanolamine is the major plasmalogen found in mammalian tissues, a substantial amount of plasmenylcholine is also present in most mammalian hearts [3, 5] . The catabolism of plasmalogens is thought to involve the initial hydrolysis of the vinyl ether linkage at the C-I position of the phospholipid by a plasmalogenase, followed by deacylation of the resultant lysophospholipid by a lysophospholipase [6] . The presence ofplasmalogenase activity in the brain [7, 8] , and heart [9] towards plasmenylethanolamine have been reported. However, the pathway for the catabolism of plasmenylcholine in the heart is a matter of conjecture. It may follow the same pathway as plasmenylethanolamine, or it may be first deacylated by the action of phospholipase A2, and subsequently by lysoplasmalogenase. The absence of plasmalogenase activity towards plasmenylcholine in the liver [10] , and the identification of a lysoplasmalogenase activity [10] support the hypothesis that plasmenylcholine may be catabolized differently from plasmenylethanolamine. Since the heart is the only organ which contains a high amount of plasmenylcholine [3, 5, 11] , this study was conducted to delineate its major catabolic pathway in cardiac tissue.
MATERIALS AND METHODS Materials
Oleic, linoleic, stearic, and arachidonic acids were obtained from NuChek Prep, Elysian, MN, U.S.A. [1-14C] Stearic acid (56.5 mCi/mmol), [1-'4C] linoleic acid (51 mCi/mmol) and [9,10(n) -3H]oleic acid (4.8 Ci/mmol) were obtained from Amersham International. [5,6,8,9, 11,14,15( Tris/HCl (pH 7.4)/1 mM-EDTA. The homogenate was centrifuged twice at 3000 g for O min. The resultant supernatant was centrifuged twice at 20000 g for 10 min. The pellet was resuspended in homogenizing buffer without EDTA and formed the mitochondrial fraction. The supernatant collected from the final 20000 g centrifugation was recentrifuged at 100000 g for 60 min. The pellet (microsomes) was suspended in the same buffer as the mitochondria. The supernatant obtained from the 100000 g centrifugation formed the cytosolic fraction. All fraction were stored at -20 'C. Protein was estimated in each fraction by the method of Lowry et al. [12] .
The purity of the subcellular fractions were assessed by marker enzymes. Fumarase [13] and succinate dehydrogenase [14] activities were used as mitochondrial markers.
Glucose-6-phosphatase [15] , 5'-nucleotidase [16] and K+-stimulated p-nitrophenylphosphatase [16] activities were employed as microsomal markers. From the determination ofthese enzyme activities in the subcellular fractions, the microsomal fraction was contaminated with 5% of mitochondrial material, whereas the mitochondrial fraction contained 9% of microsomal material. The cytosolic fraction contained less than 1% of the mitochondrial or microsomal enzymes.
Preparation of plasmenylcholine
Lipids were extracted from bovine and canine hearts according to the method of Folch et al. [17] . The solvent in the lipid sample was* evaporated under reduced pressure, the residue was redissolved in chloroform and applied to a silicic acid column. Fractions were eluted as described by Sheltawy & Dawson [18] and they were analysed by t.l.c. as previously described [9] . Fractions containing phosphatidylcholine were pooled and repurified by preparative t.l.c. using a solvent system of chloroform/methanol/water/acetic acid (35:15:2: 1, by vol.). Choline plasmalogens were obtained from the purified choline glycerophospholipids by mild alkaline hydrolysis [19] , and the resultant lysoplasmenylcholine was purified by silicic acid column chromatography as described above and the purity was checked by t.l.c. The alkenyl content was measured by the method ofGottfried & Rapport [20] and the phosphorus content was measured by the method of Bartlett [21] .
Synthesis of plasmenylcholine containing radiolabeiled fatty acids l-Alkenyl-GPC was prepared from plasmenylcholine by the method of Renkonnen [19] . The lysoplasmalogen was purified by silicic acid column chromatography and synthesis of plasmenylcholine was carried out essentially as described by Hermetter & Paltauf [22] . Radiolabelled fatty acids were used as precursors for the synthesis and butylated hydroxytoluene was added to protect the unsaturated double bonds in the acyl groups after the reaction was terminated. The product was extracted three times with chloroform/methanol (2:1, v/v) and 0.9% KCI was added to the combined extracts to give a ratio of chloroform/methanol/water (4:2:3, by vol.) to achieve a clear phase separation. The lower phase was washed again by the addition ofmethanol and 0.9% KCI. The product in the lower phase was further purified by silicic acid column chromatography and its purity was assessed by t.l.c. The alkenyl and phosphate contents of the products were measured as described above and an aliquot of the sample was taken for radioactivity determination by scintillation counting. Enzyme assays Plasmalogenase activity was measured by three different methods.
Assay A. Plasmalogenase activity was determined by following the rate of substrate disappearance [23] .
Purified choline plasmalogen (2.6 ,umol) was dispersed in 1 ml of water by sonication until clear. The reaction mixture (1.5 ml) contained 200 mM-Tris buffer, 347 /Mcholine plasmalogen and 1 mg of protein (subcellular fraction). The assay was incubated at 37°C for 60 min and the reaction was stopped by the addition of 6 ml of chloroform/methanol (2: 1, v/v). The upper and lower phases were obtained by centrifugation and aliquots of the lower layer (750 ,1) were removed for the analysis of the alkenyl groups by the method ofGottfried & Rapport [20] .
Assay B. Plasmalogenase activity was assayed by indirect determination of the aldehydes formed. Enzyme activity was monitored by the appearance of NADH which was produced from a coupled reaction with aldehyde dehydrogenase as described previously [9] . Plasmenylcholine or plasmenylethanolamine was dispersed by sonication and was used as substrate, and the reaction was initiated by the addition of the enzyme preparation (up to 750 ,ug) of each subcellular fraction.
Assay C. Plasmalogenase activity was assayed with labelled plasmenylcholine which was synthesized by the method described above. The production of labelled lysophosphatidylcholine in the reaction mixture after incubation was determined; 1.5 mg of protein from the subcellular fractions was used in each assay, and the assay conditionsweresimilarto thatdescribed forphospholipase A2 activity below.
Phospholipase A2. Phospholipase A2 activity was assayed routinely in a mixture containing 100 mM-Tris buffer, 2% deoxycholate or 2 mM-lysophosphatidylcholine, 0.8 mm radiolabelled plasmenylcholine, 1.5 mg of protein and other additives as indicated in the text and Figures. The final volume of the reaction mixture was 0.5 ml, and the reaction was initiated by the addition of the enzyme sample. After 60 min of incubation at 37 'C, the reaction was terminated by the addition of 3 ml of chloroform/methanol (2:1, v/v), followed by 1 ml of 0.9% KCI. The mixture was centrifuged, and the labelled fatty acid released from the reaction (in the lower phase) was separated from the remaining substrate by t.l.c. The t.l.c. plates were developed in chloroform/methanol/ water/acetic acid (35:15:2: 1, by vol.) until the solvent was 10 cm from the origin. The plates removed, dried and rechromatographed in heptane/isopropyl ether/acetic acid (15:10:1, by vol.). Complete separation of neutral and phospholipid classes was obtained by this method. The lipid fractions on the t.l.c. plate were visualized by 12 vapour and those corresponding to phosphatidylcholine, lysophosphatidylcholine, diacylglycerol and fatty acid were removed from the t.l.c. plate, and the radioactivity associated with these fractions were determined by scintillation counting as described previously [24] . For each assay, a separate assay blank (without the addition of enzyme) was performed in which the labelled substrate was treated in an identical manner as the actual assay. Phospholipase A2 activity was calculated from the production of labelled fatty acid. Lysoplasmalogenase. A spectrophotometric assay similar to that reported for plasmenylethanolamine [9] was developed to measure lysoplasmalogenase activity in subcellular fractions. The enzyme activity was routinely measured at 37°C with 120 mM-Tris/HCl buffer (pH 8.5), 120 mM-KCl, 7 mM-GSH, 8.3 mM-NAD+, 1 unit of aldehyde dehydrogenase, 0.2% deoxycholate, 2 ftM-rotenone, 416 /LM-lysoplasmenylcholine (5.7 ,umol of lysoplasmalogen was sonicated in 1 ml of water to give a stock solution) in a total volume of 1.2 ml. The contents of the reaction mixture were added sequentially and mixed after each addition. The reaction was initiated by addition of the enzyme to the sample cuvette. The increase in A340 was followed spectrophotometrically. Controls were set up to monitor the specificity of the reaction as described previously [9] .
RESULTS
Our initial approach was to identify the presence of a plasmalogenase activity for plasmenylcholine in the guinea pig heart, similar to that reported for plasmenylethanolamine in the hamster heart. Plasmalogenase activity in guinea pig heart homogenates, cytosol, mitochondria and microsomes was monitored by measuring the loss of substrate (assay A) with up to 3 mg of protein, between pH 5 and 10, in the presence or absence of EGTA and EDTA (2 mM) and Ca2+ or Mg2+ (0-10 mM). No plasmalogenase activity was detected under any of these experimental conditions. The more sensitive assay B was then utilized for this study under the same conditions with up to 1 mg of protein. Again, no plasmalogenase activity was detected. As a positive control, plasmalogenase activity in the guinea pig heart subcellular fractions towards plasmenylethanolamine was assayed. The results indicated that plasmalogenase activity towards plasmenylethanolamine was indeed present in guinea pig heart microsomes and activity could be detected with as little as 10 ,C4g of microsomal protein.
Radiolabelled plasmenylcholine with oleic acid at the C-2 position was utilized in a final attempt to confirm the absence of plasmalogenase activity towards plasmenylcholine. The use of this substrate provided a means to study not only plasmalogenase activity but also phospholipase A2 and C activities towards the substrate. Since the action of plasmalogenase activity would yield labelled lysophosphatidylcholine which would be susceptible to hydrolysis by lysophospholipases, unlabelled lysophosphatidylcholine was initially added to the reaction to prevent the loss of labelled lysophophatidylcholine [25] . In later experiments deoxycholate was utilized to inhibit the lysophospholipase, since it was found to be equally effective as lysophosphatidylcholine. When subcellular fractions of the guinea pig heart were incubated with plasmenylcholine labelled at the C-2 position with
[3H]oleic acid at pH 7.4 and 8.5, with or without chelators and cations, there was no production of labelled lysophosphatidylcholine. However, labelled fatty acid was produced, indicating the presence of phospholipase A2 activity. In all subcellular fractions, the reaction was found to be most active at pH 8.5 and in the presence of [Cation] (mM) Fig. 1 Ca2+. Thus the effect of Ca2+ and Mg2+ on the phospholipase A2 activity towards plasmenylcholine in all three subcellular fractions was studied, and the results obtained are shown in Fig. 1 . Although phospholipase A2 activity in all subcellular fractions did not have an absolute requirement for cations, the enzyme activity was greatly enhanced by the addition of cations, especially Ca2 . Only an insignificant amount of radioactivity was found in the diacylglycerol fraction under all circumstances. Incubations were also carried out in the presence of 0.2% taurocholate, taurodeoxyholate, Tween-20, Triton X-100, Triton QS-1 5, dodecyltrimethylammonium bromide and 10 mM-GSH. Plasmalogenase activity was not observed under any of these conditions. This study clearly showed that plasmalogenase for plasmenylcholine was not present in guinea pig heart subcellular fractions. It appears that the majority of plasmenylcholine was catabolizedbyphospholipaseA2andnotbyphospholipase C.
The effects of pH and metallic cations on the catabolism of plasmenycholine were further studied. Labelled plasmalogen was incubated with the various subcellular fractions at pH 5-9 in the presence of 2 mM-EGTA or 1 mm-Ca2+ (Fig. 2) . Again there was no production of labelled lysophosphatidylcholine under these conditions. In the presence of EGTA, activities of the mitochondrial and cytosolic phospholipase A2 activities were not greatly affected by pH, but the microsomal activity showed a significant peak at pH 8.5. In the presence of Ca2 , phospholipase A2 from all three fractions showed a definite pH optimum at alkaline pH Vol. 236 (8.5) . The highest activity was associated with the microsomal fraction, followed by the cytosol and lastly the mitochondrial fractions. Phospholipase A2 activities in the mitochondrial, microsomal and cytosolic fractions were characterized with respect to protein concentration and time. Enzyme activity was linear with up to 2 mg of protein and 60 min of incubation.
The apparent Km of the phospholipase A2 activities in the three subcellular fractions towards plasmenylcholine with: oleic acid at the C-2 position were determined, and the results shown in Fig. 3 . All three enzymes had an identical Km value of 5 mm. The acyl specificity of the phospholipase A2 activities towards plasmenylcholine with stearic, oleic, linoleic and arachidonic acid at the C-2 position was also investigated (Table 1) . No plasmalogenase activity was detected with any of the substrates employed and the highest phospholipase A2 activity with each substrate was always associated with the microsomal fraction. 1-Alkenyl-2-stearoyl-GPCwastheleastpreferred substrate, followed by l-alkenyl-2-arachidonyl-GPC. The highest enzyme activities were obtained with l-alkenyl-2-oleoyl-GPC and l-alkenyl-2-linoleoyl-GPC.
The catabolism of lysoplasmenylcholine formed from the hydrolytic action of phospholipase A2 on plasmenylcholine was investigated. Lysoplasmalogenase activity has been reported in rat liver [10] and brain [26] , but the enzyme has not been described in any mammalian heart. Hence, attempts were made to detect and quantify this enzyme in guinea pig heart subcellular fractions. Lysoplasmalogenase activity was found in the cardiac microsomal and mitochondrial fractions, but not in the cytosol. The enzyme activity was only detected in the presence of certain detergents (Table 2) , and the highest enzyme activity was obtained with sodium deoxycholate. At present, the effectiveness of cationic detergents in the detection of lysoplasmalogenase activity in guinea pig heart subcellular fraction is not known since these detergents inhibited the coupling enzyme (aldehyde dehydrogenase) used in the assay. The dependence of enzyme activity on deoxycholate concentration is shown in Fig. 4 . Further characterization revealed that the enzyme had a pH optimum around 8.5 and enzyme activity was highly temperature-sensitive. Enzyme activity at 37°C was about 3-fold higher than that at 25°C, and the temperature effect was shown to be independent of the coupled reaction. Lysoplasmalogenase activity did not have an absolute requirement for cations, although both Ca2+ and Mg2+ caused an enhancement of activity (Fig. 5) .
DISCUSSION
This study is the first attempt to delineate a complete route for the catabolism of plasmenylcholine in a mammalian heart. The results show conclusively that the major pathway for the catabolism of plasmenylcholine in the guinea pig heart proceeds via hydrolysis of the fatty acyl group at the C-2 position, to yield lysoplasmenylcholine, which can be further hydrolysed by a lysoplasmalogenase. The lysoplasmenylcholine formed can also be reacylated to the parent phospholipid by 1 -alkenyl-GPC :acyl-CoA acyltransferase, and the identification and characterization of this enzyme is described in the Vol. 236 accompanying paper [27] . The major route for plasmenylcholine catabolism in the guinea pig heart is different from the one proposed for the catabolism of both choline and ethanolamine plasmalogens in the brain, which involves the initial hydrolysis by a plasmalogenase, and subsequently by a lysophospholipase [6] . The absence of plasmalogenase activity towards plasmenylcholine in the canine heart [28] and the hamster heart (G. Arthur & P. C. Choy, unpublished work) lead us to postulate that mammalian hearts do not have the ability to initiate the direct hydrolysis of the alkenyl bond in plasmenylcholine.
Phospholipase A2 activity in all three subcellular fractions showed some preferences for unsaturated acyl groups at the C-2 position of plasmenylcholine. Plasmenylcholine with oleoyl or linoleoyl moieties at the C-2 position were more readily hydrolysed by the phospholipases than were those with arachidonyl groups. Similarobservationshavebeenreportedforphospholipase A2 in fat cell homogenates [29] , rat brain mitochondria and human cerebral cortex [30] . The hydrolysis of plasmenylcholine by cardiac phospholipase A2 has recently been studied in the canine heart [28] . Comparison between the guinea pig and the canine heart enzymes revealed that they differed substantially in pH profiles, Km of substrate and response in the presence ofCa2+. The canine heart enzyme displayed a neutral pH optimum and was inhibited by Ca2 , whereas the guinea pig enzyme was most active at alkaline pH, and activity was enhanced by Ca2 . It appears that the control of phospholipase A2 activity for plasmenylcholine catabolism may be species-specific.
One major requirement to demonstrate that the majority of plasmenylcholine is first catabolized by deacylation is the positive identification ofenzymes which can further metabolize the lysoplasmenylcholine formed, since there is no accumulation of lysoplasmenylcholine in the guinea pig heart. In the accompanying paper [27] , we -have provided evidence for the presence of an acyltransferase which is specific for the reacylation of lysoplasmenylcholine. In the present study, we are the first to show that cardiac tissue has the ability to hydrolyse the vinyl ether bond of lysoplasmenylcholine; the enzyme was located in both microsomal and mitochondrial fractions. It is interesting to note that the enzyme has an absolute requirement for detergent; however, its mode of action on the lysoplasmalogenase activity in the heart is not clear. The type of detergent did not appear to be of fundamental importance in the expression of enzyme activity since activity was obtained with anionic as well as neutral and zwitterionic detergents. It is quite possible that the enzyme was located exclusively on the non-cytoplasmic side of the membrane. Upon homogenization, the enzyme would be found on the inside of the membrane vesicles and enzyme activity was latent until the vesicles were disrupted by detergents. Studies are necessary to determine the topology of the lysoplasmalogenase in guinea pig heart microsomes.
